Abstract The clinical management of neuroendocrine tumours is complex. Such tumours are highly vascular suggesting tumour-related angiogenesis. Adenosine, released during cellular stress, damage and hypoxia, is a major regulator of angiogenesis. Herein, we describe the expression and function of adenosine receptors (A 1 , A 2A , A 2B and A 3 ) in neuroendocrine tumours. Expression of adenosine receptors was investigated in archival human neuroendocrine tumour sections and in two human tumour cell lines, BON-1 (pancreatic) and KRJ-I (intestinal). Their function, with respect to growth and chromogranin A secretion was carried out in vitro. Immunocytochemical data showed that A 2A and A 2B receptors were strongly expressed in 15/15 and 13/18 archival tumour sections. Staining for A 1 (4/18) and A 3 (6/18) receptors was either very weak or absent. In vitro data showed that adenosine stimulated a three-to fourfold increase in cAMP levels in BON-1 and KRJ-1 cells. The non-selective adenosine receptor agonist (adenosine-5′N-ethylcarboxamide, NECA) and the A 2A R agonist (CGS21680) stimulated cell proliferation by up to 20-40% which was attenuated by A 2B (PSB603 and MRS1754) and A 2A (SCH442416) receptor selective antagonists but not by the A 1 receptor antagonist (PSB36). Adenosine and NECA stimulated a twofold increase in chromogranin A secretion in BON-1 cells. Our data suggest that neuroendocrine tumours predominantly express A 2A and A 2B adenosine receptors; their activation leads to increased proliferation and secretion of chromogranin A. Targeting adenosine signal pathways, specifically inhibition of A 2 receptors, may thus be a useful addition to the therapeutic management of neuroendocrine tumours.
Introduction
Neuroendocrine tumours (NETs) are a heterogeneous group of neoplasms of unknown aetiology which vary broadly both in their clinical presentation and biological behaviour. Such tumours are widely distributed and originate, as their name suggests, from neuroendocrine cells throughout the body. These tumours are often characterised by excessive secretion of hormones and biogenic amines. In a local setting, surgery is the treatment of choice for metastatic disease and clinical management is aimed at reducing hormone-associated symptoms. The mainstay of treatment for patients with metastatic disease consists of long-acting somatostatin analogues which improve quality of life by controlling symptoms related to hormonal hypersecretion [1] . Of the somatostatin analogues, octreotide has been shown to stabilise tumour progression in some welldifferentiated NETs [2] and SOM230 (which displays broader receptor affinity) possesses anti-angiogenic activity [3] . In vitro experiments also show that somatostatin can induce morphological changes in neuroendocrine cells [4] . However, with these treatments there is virtually no tumour shrinkage in the majority of patients with metastatic disease.
The increased vascularity of endocrine tumours [5] suggests that agents targeting vascular endothelial growth factor (VEGF) and other angiogenic pathways might have value in the treatment of patients with NETs. VEGF levels in NET tissue show an inverse correlation with patient survival [6] suggesting that VEGF expression and the mediation of angiogenesis are associated with human NET growth. There are several clinical trials involving pharmaceutical agents (Bevacizumab and Sunitinib) that are aimed at targeting VEGF secretion or inhibition of the VEGF receptor [7] . Hypoxia is a major regulator of angiogenesis, mediated in part via up-regulation of hypoxia-inducible factor (HIF)-1 α [8] . The purine nucleoside adenosine, released from hypoxic tissues, appears to be a key mediator in this pathway, accounting for up to 70% of hypoxiainduced angiogenesis in some situations [9] [10] [11] . Adenosine mediates its actions through four adenosine receptors, A 1 , A 2A , A 2B and A 3 , which are differentially expressed in different tissues [12] . Therapeutic modulation of adenosine levels or signalling could therefore provide a basis for the treatment of many cancers [13] [14] [15] . In this study, we show that A 2A and A 2B receptors are the dominant adenosine receptors in human NET cell lines and in archival human NET tissue. Our in vitro data indicate that activation of these receptors can mediate cell proliferation and chromogranin A secretion. Thus the specific inhibition of A 2 signal pathways may be useful for the therapeutic management of NETS.
Materials and methods
Materials Cell culture materials and reagents were obtained from Lonza (Wokingham, UK), Biosera (Ringmer, UK), Fisher Scientific (Loughborough, UK), Invitrogen (Paisley, UK) and Sigma-Aldrich (Poole, UK). Specific polyclonal antisera to human A 1 and A 2A receptors were from Abcam (Cambridge, UK) and affinity-purified antisera to the A 2B and A 3 receptors were from Alpha Diagnostic International (San Antonio, USA). Adenosine receptor agonists and antagonists were obtained from Tocris (Avonmouth, UK). Vectastain Elite ABC kits (Vector Laboratories, Peterborough, UK) were used for immunocytochemistry. Molecular biology reagents, except TRIzol (from Invitrogen), were obtained from Promega, (Southampton, UK). Western blotting reagents were from GE Healthcare (Chalfont St. Giles, UK).
Adenosine receptor immunocytochemistry in human NETS Eighteen representative blocks of NETs (eight ileocaecal, four pancreatic, four appendiceal, one ovarian and one liver metastasis) were retrieved from the histopathology tissue archives at the University Hospital of Cardiff, Wales. For this, ethical approval was obtained from the local research ethics committee (approval number 07/WSE02/1). H and E sections (haematoxylin and eosin) from each of these blocks were scanned using Mirax Scan (Carl Zeiss, Gottingen, Germany) and the digital images viewed by a trained pathologist to identify tumour bearing tissue. Two or three 1.5-mm tissue cores were punched out from each of these areas using a microarray device to prepare two tissue microarrays containing tissue cores from nine patients each. Serial sections were cut from each of the resulting tissue microarray blocks and immunostained for adenosine receptors using an automated Shandon Varistain Gemini programme (Fisher Scientific, Loughborough, UK) coupled to the DAKO Autostainer Plus (DAKO UK Ltd, Ely, Cambridgeshire, UK) procedure based on Vectastain ABC Elite kits (Vector Laboratories, Peterborough, UK). Staining was conducted using polyclonal antibodies to A 1 , A 2A , A 2B and A 3 adenosine receptors at optimal dilutions of 1:200, 1:400, 5 μg/ml and 1:400, respectively, and applied for 1 h at room temperature. Sections were then incubated for 30 min in the appropriate second antibody coupled to biotin and then visualised with diaminobenzidine (5 min). Nuclei were counter-stained with haematoxylin. For negative controls, non-immune mouse serum (at 1:200 dilution) was used. Immunostaining was reviewed independently by two pathologists (JN and BJ) and scored to be either negative (0), weak (1+), moderate (2+) or strong (3+).
Cell culture BON-1 cells (a generous gift from Dr. Ursula Plockinger, Interdisziplinares Stoffwechsel-Centrum, ChariteUniversitatsmedizin Berlin, Campus Virchow-Klinikum, Berlin, Germany) were cultured in DMEM/Ham's F12 (50% v/v) and 10% (v/v) FBS (foetal bovine serum). KRJ-I cells [16] [17] [18] were cultured in Ham's F12 and 10% (v/v) FBS.
RT-PCR Total cellular RNA was prepared using TRIzol reagent and treated with RQ1 ribonuclease-free deoxyribonuclease. RNA (0.2 μg) was reverse transcribed using oligodeoxythymidilic acid [oligo(dT) 15 ] for 1 h at 37°C and the cDNA generated was subjected to PCR amplification using primers specific for human adenosine receptors. Primer sequences (shown in Table 1 ) were designed using the Primer 3 software programme and gene sequences obtained from GenBank. For the PCR reaction 30-40 cycles were carried out as follows: 94°C, 65°C and 72°C for 30 s, 1 min and 1 min, respectively, and a final extension step of 72°C for 10 min. Amplified products were electrophoresed in 2% (w/v) agarose and visualised with ethidium bromide.
Quantitative (q) RT-PCR, which is much more sensitive than conventional PCR, was also used to assess adenosine receptor expression in BON-1 and KRJ-1 cells. qRT-PCR was performed on the MX3000P thermal cycler system (Stratagene, Cambridge, UK). The reaction mix was: 12.5 μl Platinum SYBR Green qPCR Supermix-UDG (Invitrogen), 1 μl cDNA, 1 μl (10 nmol) forward and reverse primers and 10.5 μL nuclease-free water. The thermal profile was 1 cycle (95°C 10 min), 40 cycles (95°C 30 s, 60°C 1 min, 72°C 30 s) and 1 cycle (95°C 1 min, 60°C 30 s, 95°C 30 s). All four genes were assessed in the same sample, performed in triplicate and in three separate experiments.
Western blotting analysis Western blotting analysis was used to demonstrate expression of adenosine receptor (A 1 , A 2A , A 2B and A 3 ) protein in BON-1 and KRJ-I cells. BON-1 monolayers and pelleted KRJ-I cells were lysed in 200 μl RIPA buffer containing 1 mM sodium orthovanadate, 0.1 mg/ml PMSF and chymostatin, leupeptin, antipain and pepstatin A (all at 10 μg/ml). Lysates after centrifugation were stored at −80°C. Aliquots (15 μl) from each treatment were mixed with an equal volume of electrophoresis buffer, boiled and electrophoresed in 10% (w/v) polyacrylamide. Proteins were transferred onto PVDF membranes and incubated overnight at 4°C with antisera to adenosine receptors at a concentration of 1:1,000, except for the A 2A receptor (A 2A R) antiserum which was used at 1:2,000. Secondary anti-rabbit IgG conjugated to horseradish peroxidase, at 1:5,000, was applied for 1 h at room temperature and proteins were visualised with ECL Plus reagent.
cAMP BON-1 and KRJ-I cells were each plated out at a density of 0.1×10 6 cells/well into untreated (BON-1) 48-well multidishes or dishes that had been pre-coated with poly-Dlysine (70-150 Kd, 0.1 mg/ml) (KRJ-1). After 1-2 days in culture, cells (replicates×4) were gently washed in serumfree culture medium and incubated for 15 min with adenosine, adenosine-5′N-ethylcarboxamide (NECA) and CGS21680 at a concentration range of 10 nM to 0.1 mM in the presence of 0.1 mM R o 20-1724 (cyclic nucleotide phosphodiesterase inhibitor). Cells were solubilised in 0.2 ml 0.1 M HCl and stored at −20°C; the acid was removed by rotary vacuum evaporation and the residues dissolved in 0.5 ml cAMP assay buffer (50 mM sodium acetate, 0.25% w/v bovine serum albumin, pH 5.2). cAMP measurements were carried out as previously described [19] .
Cell growth Growth of BON-1 and KRJ-I cells was determined using the MTS proliferation assay kit from Promega (Southampton, UK). Briefly, BON-1 (2,000/well) and KRJ-I (25,000/well) cells were plated into 96-well multiwell plates in a volume of 0.05 ml, respectively, in DMEM/Ham's F12 1% (v/v) FBS and Ham's F12 1.25% (v/v) FBS. After an overnight incubation, replicate wells (×8) were treated with adenosine, NECA and CGS21680 at a concentration range 10 nM to 10 μM for 48 and 72 h. At the end of each time point, 0.02 ml MTS reagent was added and the formazan product measured by absorbance at 490 nm after 1 or 4 h (KRJ-I cells). A blank absorbance reading (culture medium alone) was subtracted from each value. The quantity of formazan produced is directly proportional to the number of living cells in culture. In some experiments, cells were incubated with adenosine receptor antagonists, PSB36 (A 1 ), SCH442416 (A 2A ), PSB603 and MRS1754 (A 2B ), in the presence of agonist for 3 days.
Direct cell counting was also carried out by image cytometry using the Cellometer Auto T4 counter (Nexcelom Bioscience LLC, Lawrence, MA, USA). Images of cells in a disposable counting chamber (very similar to a haemocytometer) are taken and analysed using the attached software from which cell number per milliliter is calculated.
Chromogranin A BON-1 cells (0.2×10 6 cells/well) were plated out into 24-well multidishes and allowed to become confluent. Replicate wells (×4) were treated with the AR agonists, adenosine, NECA and CGS21680 over the concentration range 10 nM to 0.1 mM for 1 h at 37°C in serum-free DMEM/Ham'sF12. Supernatants were collected and stored at −20°C prior to assay for chromogranin A using the radioimmunoassay kit from BioSource (Nivelles, Belgium), cat. no. KIPERB321. Similar experiments were carried out with KRJ-1 cells plated into poly-D-lysinecoated plates; these were left for 3 days and incubated with adenosine receptor agonists for 1-8 h.
Statistical analysis Experiments were performed three to five times (n) with up to eight replicates for each treatment.
Results were analysed with INSTAT 3 software (GraphPad Software, La Jolla, USA) and expressed as mean±SEM and compared by ANOVA and the Tukey comparison test. P< 0.05 is deemed to be significant.
Results
Expression of adenosine receptors in archival human NETS Adenosine receptor expression in human NETS patients was investigated with immunocytiochemistry on a limited number of archival samples. A summary of the staining is shown in Table 2 . Staining for A 1 and A 3 receptors were either absent or only weakly positive and only in a minority (4/18 and 6/18, respectively) of the tumours. In contrast, the A 2A R was expressed in all of the tumours tested (15/15, there was insufficient material in three sections) whilst the A 2B receptor (A 2B R) was positive in most (13/18) of the tumours; the staining intensity although variable was overall much stronger than that for the A 1 and A 3 receptors. In addition, tumours that were negative for A 2B R were restricted to the small bowel where 4/5 tumours showed little or no staining, on the other hand, all of these tumours stained heavily for the A 2A R. Figure 1a and b respectively show strong immunostaining for A 2A and A 2B receptors in a pancreatic tumour and strong A 2A R but little or no A 2B R staining in a small bowel tumour ( Fig. 1d-e) . There was little cellular staining in the absence of antisera as shown in Figure 1c and f. Closer examination of the slides also showed apparent staining for both A 2A and A 2B receptors in the connective tissue, this is likely to be non-specific staining as it was also apparent in the negative controls. The three staining images shown for each Fig. 2a shows that all four adenosine receptors were present in both cell lines together with adenosine deaminase, adenosine kinase and CD73 (ecto-5 / -nucleotidase), enzymes that are involved in the direct synthesis and metabolism of adenosine. Expression of A 1 R and A 3 receptor (A 3 R) in both KRJ-I and BON-1 cells appeared to be particularly weak and detection was only possible when the number of PCR cycles was increased to 40. DNA sequencing however did confirm their presence (data not shown).
qRT-PCR was also used to confirm adenosine receptor gene expression; in the same cDNA sample cycle threshold (Ct) values for BON-1 cells and KRJ-I cells were, respectively, A 1 R 34±2, 36±3; A 2A R 21±2, 21±1; A 2B R 21±2, 26±2 and A 3 R 35±3, 31±3. The lower the Ct value, the higher the expression of mRNA and an increase of 1 equates to a halving of expression. Although it is not valid to compare Ct values from different genes, these data also indicate that A 2A R and A 2B R are the dominant receptors in BON-1 and KRJ-I cells. Western blotting analysis showed that the proteins for all four receptors were also expressed in both cell lines (Fig. 2b) , although it is not possible to compare band intensities from different antisera, this data, as with gene expression, could also suggest that the A 2A R and A 2B R are the dominant receptors.
In order to confirm which receptors had the highest expression, we carried out functional cAMP measurements as A 2 receptors primarily stimulate cAMP and A 1 and A 3 receptors inhibit cAMP. Figure 3 shows that adenosine, in a dose-related manner, stimulated endogenous cAMP levels in both KRJ-I cells (Fig. 3a) and BON-1 cells (Fig. 3b) by up to three-to fourfold and ED 50 of 5-10×10 −7 M. Interestingly, the stable non-selective adenosine receptor agonist, NECA, was most potent (up to sixfold) in BON-1 cells (Fig. 3b) whereas the selective A 2A R agonist, CGS21680, was most potent in KRJ-1 cells (up to seven fold; Fig. 3a) . (Fig. 4a, b) . The growth effects of NECA and CGS21680 were markedly greater in BON-1 than in KRJ-I cells. When the actual number of cells were physically counted similar results were obtained (20-45% stimulation in BON-1 cells and 10-15% in KRJ-I cells after three days of exposure to adenosine receptor agonists; Fig. 4c ). Selective adenosine receptor antagonists were used to confirm which of the receptors were involved in the mediation of growth; these experiments were carried out on BON-1 cells as these cells showed the largest changes in growth. When PSB603 (A 2B R antagonist) was incubated along with NECA, the growth stimulating effects of the latter were attenuated in a dose-related fashion (Fig. 5a) . SCH 442416 (A 2A R antagonist) and PSB36 (A 1 R antagonist) at the same molar concentrations did not inhibit NECA-stimulated growth (Fig. 5a) . We also used a second A 2B R antagonist, MRS1754; this also attenuated NECA-stimulated growth in a dose-related manner (Fig. 5b) . Although SCH 442416 failed to inhibit NECA-mediated growth of BON-1 cells, it did in fact reduce growth stimulation by the A 2A R agonist, CGS21680 (Fig. 5c ). These data together confirm that A 2A and A 2B receptors are both involved in adenosine-mediated cell growth. As these receptors act through cAMP we also showed that dibutyryl cAMP (115±4% at 1 μM) and forskolin (140±5% at 0.1 μM) stimulated cell growth in BON-1 cells, similar but less prominent data were seen in KRJ-1 cells.
Effect of adenosine receptor agonists on chromogranin a secretion from BON-1 cells Adenosine, NECA and CGS21680 stimulated a twofold increase in chromogranin A secretion from BON-1 cells over a 1-h incubation period (Fig. 6a-c) . As expected, NECA and CGS21680 were considerably more potent than adenosine itself and probably reflect the labile nature of adenosine and its short halflife in culture media. These data are consistent with the findings observed with cAMP and cell growth (Figs. 3 and  4) . Chromogranin A however was not measurable in the conditioned media from KRJ-I cells (data not shown) even after 8-h exposure to agonists; the mRNA and protein were detectable by RT-PCR (unpublished observation-J. Ham) and immunofluorescence, respectively [18] . 
Discussion
The aetiology of NETS remains unclear and therapeutic management is focussed either on surgery or, if resection is not possible, then somatostatin analogues are the drugs of choice. More recent treatments have been based either on mTOR (mammalian target of rapamycin) or VEGF and related receptors. Since adenosine is a mediator of VEGF release acting through HIF-1α, we explored the expression and function of adenosine receptors in NETs. A number of other studies in other cancers suggest there could be a possible role for adenosine in the development and survival of NETs. For example adenosine has been shown to modulate the migration of colon cancer cells via an HIF-1α/VEGF/IL (interleukin)-8-dependent mechanism [14, 20] and A 3 R agonism inhibits proliferation or stimulates apoptosis in breast cancer and colon carcinoma cells [21] [22] [23] . Agonism at the A 1 R has also been reported to induce apoptosis of human colonic cancer cells [24] whereas other studies suggest that the A 1 R in breast carcinoma cells mediate cell cycle progression and cell proliferation [25] .
The presence of adenosine receptors on NET cells has by and large been unexplored; our data with archival material show that A 2A and A 2B receptors are dominant with much weaker expression of the A 1 and A 3 receptors. Although the numbers of samples investigated were limited, our results and those of others [26] using the human BON-1 and KRJ-1 cell lines concur with these findings. The qRT-PCR suggests that there may be similar expression of A 2A R in BON-1 and KRJ-1 cells but significantly higher (×30) expression of A 2B R in BON-1 cells. This was reflected in a greater cAMP stimulation in response to NECA in BON-1 cells but a greater effect of CGS21680 in KRJ-1 cells (Fig. 3) . Similarly, NECA showed a greater growthpromoting effect than CGS21680 in BON-1 cells whereas both compounds were equally active in KRJ-1 cells (Fig. 4) . Interestingly, 4/5 small bowel tumours were negative for the A 2B R, the significance of this is however [27, 28] . In animals with experimentally induced tumours, ATP levels have been reported to be greater than 100 μM in tumour tissue and essentially undetectable in healthy tissues [28] . The half-life of ATP is however very short and its degradation product, adenosine has also been shown to accumulate in tumours [27, 29] where it can stimulate growth and angiogenesis and mediate immunosuppression. It is thus likely that the concentrations of adenosine seen in the microenviroment of tumours would be sufficient to activate adenosine receptors including the low affinity, A 2B R.
The A 2B R has been shown, in gene expression profiling data, to be expressed at a higher level in some cancer tissues and may thus play a role in cancer progression [30] [31] [32] . Our data showing that A 2 receptors mediate growth of BON-1 and KRJ-I neuroendocrine cells would support these findings. The proinvasive action of adenosine in human colon cancer cells is also mediated through the A 2B R and co-activation of the other adenosine receptor subtypes [33] . On the other hand, activation of A 2B R on immune cells and the associated production of VEGF can also promote tumour growth [34] . There is also evidence, using adenosine receptor-deficient animals, that cancerous cells which express the A 2A R and possibly the A 2B R may be more resilient to the anti-tumour effects of T lymphocytes [35, 36] . Adenosine may itself be beneficial for tumour cells as it can suppress the activity of inflammatory cells and also stimulate the local production of endothelial cells and subsequent angiogenesis. The actions of the A 2A R can be further complicated via possible synergism with dopamine D2 receptors [37] ; whether this actually occurs in NET cells is not known but D2 receptors are co-expressed with somatostatin 2 and 5 receptors [38] .
Adenosine, itself, could also be directly involved in tumour growth, as targeted inhibition of the enzyme, CD73 (the enzyme that dephosphorylates AMP to adenosine), has been shown to inhibit breast cancer growth and metastasis [39] . These data suggest that the accumulation of adenosine stimulates breast cancer cell growth which is further supported by the report that the A 2A R agonist, CGS21680, stimulates proliferation of MCF-7 cells [40] . In our growth experiments, the observed changes were small, typically 30-40% in the presence of NECA or CGS21680 for BON-1 cells. These values are in line with those reported for the growth effects of 30 μM adenosine on HT-29 colectoral carcinoma and MCF-7 breast carcinoma cells over an incubation time of 8-10 days [41, 42] . As for HT-29 cells [41] , prolonged agonist exposure (10-12 days) could perhaps lead to markedly greater growth effects in our experiments. The affinities of adenosine for the different adenosine receptors are quite different; A 1 and A 2A being essentially high affinity (nanomolar) and the A 2B and A 3 receptors low affinity (micromolar) [12] . Thus, the concentrations of the adenosine receptor agonists and antagonists used in our experiments were fairly high but necessary to activate the A 2B R expressed on both BON-1 and KRJ-1 cells.
Plasma chromogranin A levels has been used as a diagnostic and prognostic indicator for NETS, particularly those of intestinal or pancreatic origin and one of the aims of therapeutic management is to lower hormone-associated symptoms [7, 43, 44] . Our data shows that activation of receptors induces a rapid release of chromogranin A as well as stimulating cell growth. This stimulated secretion of chromogranin A is likely to be from preformed peptide stores rather than due to increased mRNA translation as we have data to show that message transcripts in BON-1 cells were unchanged after exposure to 1 μM NECA for up to 24 h (data not shown). A 2 receptor-mediated chromogranin A secretion is probably via the activation of cAMP, this is consistent with the presence of a consensus cAMP element in the promoter sequence of the human chromogranin A gene [45] .
In summary, we have shown that NETS express predominantly A 2A and A 2B adenosine receptors and adenosine acting via these receptors mediates cell growth and chromogranin A secretion. Selective inhibition of adenosine receptors or its signal pathways could serve as additional targets adjunct to the current therapeutic targets, somatostatin and VEGF.
